Content of total proanthocyanidins as well as total phenolics, flavonoids, antioxidant activities were evaluated for litchi (Litchi chinensis Sonn.) pulp of 32 cultivars. One cultivar, Hemaoli, showed the highest total proanthocyanidins and total phenolics, and DPPH or ABTS radical scavenging activities. ESI-MS and NMR analysis of the Hemaoli pulp crude extracts (HPCE) showed that procyandins composed of (epi)catechin unites with degree of polymerization (DP) of 2-6 were dominant proanthocyanidins in HPCE. After the HPCE was fractionated by a Sephadex LH-20 column, 32 procyanidins were identified by LC-ESI-Q-TOF-MS in litchi pulp for the first time. Quantification of individual procyanidin in HPCE indicated that epicatechin, procyanidin B2, procyanidin C1 and A-type procyanidin trimer were the main procyanidins. The radical scavenging activities of different fractions of HPCE as well as six procyanidins standards were evaluated by both DPPH and ABTS assays. HPCE fractions showed similar antioxidant activities with those of Vc and six individual procyanidins, the IC 50 of which ranged from 1.88 ± 0.01 to 2.82 ± 0.10 μg/ml for DPPH assay, and from 1.52 ± 0.17 to 2.71 ± 0.15 μg/ml for ABTS assay. Such results indicate that litchi cultivars rich in proanthocyanidins are good resources of dietary antioxidants and have the potential to contribute to human health.
Introduction
Proanthocyanidins (condensed tannins) are oligomers or polymers of flavan-3-ol units that are widely distributed in plants kingdom, e.g., apple, blueberry, chocolate, grape, and bark of pine [1] [2] [3] [4] [5] . Based on the hydroxylation patterns of their constitutive units, proanthocyanidins can be divided into several classes. Proanthocyanidins exclusively constituted of (epi)catechins units were procyandins, while proanthocyanidins consisted of (epi)afzelechin units and (epi) gallocatechins units were designated as propelargonidins and prodelphinidins, respectively.
Procyanidins are the major proanthocyanidins in plants, while propelargonidins and prodelphinidins are less common [3, 6] . Flavan-3-ol units are usually linked via B-type bonds, i.e., C4!C8 or C4!C6 linkages (Fig. 1) . However, additional C2!O7 or C2!O5 linkage leading to doubly bonded A-type proanthocyanidins may occur [7, 8] . Plant extracts rich in proanthocyanidins have been reported to have various bioactivities, such as antioxidant [9] , anti-diabetic [10] , anti-angiogenic [11] , anti-carcinogenic [12] , anti-inflammatory [13] and cardioprotective activities [14] .
Litchi (Litchi chinensis Sonn.), a Sapindaceae plant native to southern China, is a rich source of natural phenolic compounds [15] . The pericarp [16, 17, 18] , seed [19, 20] and flower [21] of litchi all contain significant amounts of procyandins. However, as the edible portion, litchi pulp has been rarely studied for their proanthocyanidin profiles. The present study was designed to investigate the proanthocyanidins in litchi pulp with HPLC-DAD, ESI-MS, 13 C NMR, and LC-ESI-Q-TOF-MS. In addition, different litchi pulp extracts as well as six individual proanthocyanidin compounds were evaluated for their antioxidant activities.
Materials and Methods Chemicals
(-)-Epicatechin, (+)-catechin, gallic acid, procyanidin A1, procyanidin A2, procyanidin B1, procyanidin B2, procyanidin C1, 2.2-diphenyl-1-picrylhydrazyl (DPPH), Folin-Ciocalteu reagent (2 mol/l), p-(Dimethylamino)cinnamaldehyde (DMAC), CD 3 OD and acetonitrile of chromatographic grade were purchased from Sigma-Aldrich (St. Louis, MO, USA). 2.2 0 -Azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) was purchased from Aladdin Inc (Shanghai, China). Double-distilled water (ddH 2 O) was used in all experiments and samples for HPLC-DAD and LC-ESI-Q-TOF-MS were filtered through a 0.22 μm membrane before injection. All the other reagents were of analytical grade and were bought from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Materials
Litchi fruit of 32 cultivars were harvested at commercial maturity in southern China in 2011 (Table 1) . Among them, 17 cultivars were from Guangdong province, six cultivars from Guangxi province, five cultivars from Hainan province, three cultivars from Fujian province, and one cultivar from Yunnan province. They were either dominant commercial cultivars or endemic cultivars in different places of China (see S1 Table) . All the litchi cultivars were acquired with permissions from their owners or preservers abiding by the laws in China. The plant materials used in this research did not involve endangered or protected species. The fruit were selected for uniformity of shape and color, and absence of disease and mechanical damage. The pulp was frozen in liquid nitrogen. After freeze-drying (FM 25EL-85, VirTis, USA), they were ground into a fine powder and stored at −80°C until extraction and analysis.
Preparation of pulp extracts of different litchi cultivars
One gram of lyophilized litchi pulp powder of each cultivar was extracted with 8 ml of 70% aqueous methanol by sonication for 30 min. The ultrasonic frequency and power were 60 kHz and 30 W, respectively. The extracts were centrifuged at 8000 rpm for 10 min at 4°C and the residue was extracted twice as above. All the supernatants were combined and used for determination of total phenolics, total flavonoids, total proanthocyanidins content and the antioxidant activity of the litchi fruit of different cultivars.
Determination of contents of total phenolics, total flavonoids, and total proanthocyanidins in different litchi cultivars
Total phenolics of fruit extracts were measured using a modified colorimetric Folin-Ciocalteu method [22] . Four milliliters of ddH 2 O and 0.5 ml of appropriately diluted fruit extracts were placed in a test tube. Folin-Ciocalteu reagent (0.5 mol/l, 0.5 ml) was added to the solution and allowed to react for 3 min. The reaction was then neutralised with 1 ml of saturated sodium carbonate. Absorbance at 760 nm was measured using a spectrophotometer (Shimadzu, UV-2550) after 2 h. Gallic acid was used as the standard and data were expressed as mg gallic acid equivalents (GAE)/ g DW. Total flavonoids of fruit extracts were measured according to a previous report [23] with some modification. One milliliter of ddH 2 O and 0.5 ml of appropriately diluted fruit extracts were placed in a test tube. Sodium nitrite (5%, 75 μl) was added to the solution and allowed to react for 6 min before adding 150 μl of aluminium chloride (10%). After 5 min, 0.5 ml sodium hydroxide (1 mol/l) was added and the final volume was adjusted to 2.5 ml with ddH 2 O.
Absorbance at 510 nm was record immediately. (+)-Catechin was used as standard and data were expressed as mg catechin equivalents (CE)/ g DW.
Total proanthocyanidins of fruit extracts were measured according to a previous report [24] with modifications. DMAC solution (1 mg/ml) was prepared freshly with hydrochloric acid and ethanol (1:9, v/v). Appropriately diluted fruit extracts (50 μl) was added to 250 μl DMAC solution to initiate the reaction. After mixing, absorbance at 640 nm was recorded immediately by a microplate reader (Thermo, Electro Co., Waltham, USA). The content of total proanthocyanidins was expressed as mg procyanidin B2 equivalents (PB2E)/g DW. Data were presented as the mean ± S.D. (n = 3) on a dry weight (DW). Total phenolics were calculated as mg gallic acid equivalent (mg GAE/g DW).
Total flavonoids were calculated as mg catechin equivalent (mg CE/g DW). Total procyanidins were calculated as mg procyanidin B2 equivalent (mg PB2E/g DW). The scavenging of DPPH and ABTS radicals were calculated as μg vitamin C equivalent (μg VcE/g DW), respectively.
Fractionation of proanthocyanidins from Hemaoli pulp
Lyophilized Hemaoli pulp powder (300 g) was extracted with 2400 ml of 70% aqueous methanol by sonication for 30 min. The ultrasonic frequency and power were 60 kHz and 30 W, respectively. The extracts were filtered through Whatman No.1 paper, and the residue was extracted twice as above. All the supernatants were combined and evaporated by a rotary evaporator under reduced pressure at 45°C to remove methanol. Samples were then loaded to an Oasis HLB column (20 cc/1 g, Waters, Milford, MA, USA) to remove polysaccharides before elution with methanol. The eluent was then evaporated by a rotary evaporator to obtain the Hemaoli pulp crude extracts (HPCE) (3.17 g). This powder was used for ESI-MS and 13 C NMR analysis (Bruker Avance III 600 NMR Instruments, Switzerland) for a preliminary identification of proanthocyanidins. The HPCE were then dissolved in 10 ml 50% aqueous methanol and subjected to a Sephadex LH-20 column (16×400 mm) for fractionation. The absorbed litchi phenolics were eluted with gradient aqueous methanol from 0% to 60% in increments of 10% after each 900 ml elution volume. The fractions were collected and numbered from fraction #1 to 7. The column was then completely eluted with 900 ml of 100% methanol, which was collected as fraction #8. Each fraction was evaporated, which resulted in fraction 1 (F1, 0.31 g), fraction 2 (F2, 0.10 g), fraction 3 (F3, 0.06 g), fraction 4 (F4, 0.07 g), fraction 5 (F5, 0.14 g), fraction 6 (F6, 0.12 g), fraction 7 (F7, 0.21 g), and fraction 8 (F8, 1.34 g). These fractions were used for identification of proanthocyanidins and the antioxidant assays.
HPLC-DAD analysis
Individual phenolic compounds in HPCE and different fractions of HPCE were analyzed by HPLC (2695 pump, 2996 diode array detector, Waters) coupled with an ODS C18 analytical column (4.6 × 250 mm), as previously described [25] with some modification. The column was operated at a temperature of 25°C. The compounds were detected between 200 and 400 nm. 
ESI-MS
Mass spectrometric analysis of HPCE were performed by an Agilent 6460 triple quadrupole mass spectrometer equipped with an ESI source (Agilent Technologies, USA) in negative ionization mode. The nebulizer pressure was set to 45 psi and the flow rate of drying gas was 5 l/min. The flow rate and the temperature of the sheath gas were 11 l/min and 350°C, respectively. The mass range was from m/z 50 to 2000. Chromatographic separations were done on an ODS C18 analytical column (4.6 × 250 mm) using an Agilent 1290 Infinity HPLC system (Agilent Technologies, USA). The eluent was split and approximately 0.3 ml/min was introduced into the mass detector. Quantification of the individual procyanidins were calculated as procyanidin B2 equivalent (PB2E), the selective ion monitoring (SIM) mode was used to select the molecular ions of the isomers from the procyanidins groups in litchi pulp extract for their quantification. An Agilent Mass Hunter Workstation was used for data acquisition and processing.
NMR Spectroscopy
13 C NMR spectra of the HPCE were recorded on a Bruker Avance III 600 NMR spectrometer (Switzerland) with CD 3 OD as solvent and tetramethylsilane as internal standard. (-)-Epicatechin, procyanidin A1, A2, B1, B2, and C1 were analyzed as standards.
LC-ESI-Q-TOF-MS
The high resolution MS analysis of different fractions of HPCE was carried out by a Waters UPLC (Waters Corp., Milford, MA, USA) equipped with an AB Triple TOF 5600plus System (AB SCIEX, Framingham, MA, USA). The optimal MS conditions were as follows: the scan range was set at m/z 100-2000; the source voltage was −4.5 kV and the source temperature was 500°C in negative ionization mode; the pressure of Gas 1 (N 2 ) and Gas 2 (N 2 ) were set to 50 psi; and the curtain gas was set to 30 psi. For MS/MS, collision energy was −35 V; collision energy spread was 10 V; declustering potential was −100 V. The injection volume was set at 10 μl, and the UV detector was set at 280 nm. Maximum allowed error was set to ± 5 ppm. Chromatographic separations were done on an ODS C18 analytical column (4.6 × 250 mm) with 2% (v/v) acetic acid in water (eluent A) and 0.5% acetic acid in water and acetonitrile (50:50, v/v; eluent B) running under the same conditions as HPLC-DAD analysis. The eluent was split and approximately 1 ml/min was introduced into the mass detector. MS data were acquired during 0-63 min. Analyst 1 TF 1.6 software (AB-Sciex) was used for data acquisition and processing.
DPPH radical scavenging activity DPPH radical scavenging activity was measured according to a previous report [26] with modifications. The reaction for scavenging DPPH radicals was carried out by adding 2 μl sample to 198 μl 25 μg/ml DPPH solution at 25°C. After 60 min, absorbance at 517 nm before (A 0 ) and after (A 1 ) the reaction was recorded by a microplate reader. DPPH radical scavenging activity of litchi pulp extracts of 32 cultivars were expressed as μg Vc equivalents (VcE)/g DW. For the radical scavenging activities of HPCE fractions and individual proanthocyanidins, IC 50 values were calculated as the concentrations (μg/ml) that inhibited 50% of the DPPH radicals in the reaction, where radical scavenging activity was calculated as: Scavenging rate (%) = (A 0 -A 1 )/ A 0 × 100%.
ABTS radical scavenging activity
ABTS assay was carried out using a spectrophotometer as previously described [27] . ABTS radical cation was generated by reacting 7 mmol/l ABTS with 2.45 mmol/l potassium persulfate, and the mixture was allowed to stand in the dark at 25°C for 16 h before use. The ABTS solution was diluted with ethanol to an absorbance of 0.70 ± 0.05 at a wavelength of 734 nm before analysis. After mixing of 0.1 ml of the tested samples with 3.9 ml of ABTS solution, the absorbance at 734 nm was recorded for 6 min. ABTS radical scavenging activity of litchi pulp extracts of 32 cultivars were expressed as μg Vc equivalents (VcE)/g DW. For the DPPH and ABTS radical scavenging activities of HPCE fractions and individual proanthocyanidins, IC 50 values were calculated as the concentrations (μg/ml) that inhibited 50% of the ABTS radicals in the reaction, where radical scavenging activity was calculated as: Scavenging rate (%) = (A 0 -A 1 )/A 0 × 100%.
Statistical analysis
Experiments were performed in triplicate and data were expressed as the mean ± standard deviation. OriginPro 8.0 software packages (Originlab Corporation, Northampton, MA, USA) was used for statistical analysis of the experimental data.
Result and Discussion
Total phenolics, total flavonoids, total proanthocyanidins content in litchi pulp extracts of 32 cultivars
Plant phenolics constitute one of the major groups of compounds acting as primary antioxidants or free radical terminators in fruits, vegetables, or medicinal plants [28, 29, 30] . Phenolic content in plant depends on both intrinsic (genetic) and extrinsic (agronomic, environmental, postharvest handling and storage) factors. In the present study, total phenolics, total flavonoids content as well as total proanthocyanidins were analyzed for litchi pulp of 32 cultivars. Significant differences in the contents of these phenolics were observed among different cultivars (Table 1) . Hemaoli, a cultivar planted mainly in Yunnan province, China, showed the highest total phenolics content (16.33 ± 0.02 mg GAE/g DW), total flavonoids content (6.09 ± 0.07 mg CE/g DW) and total proanthocyanidins (12.13 ± 0.02 mg PB2E/g DW). Furthermore, it also showed the highest antioxidant activity based on both DPPH (367.37 ± 0.66 μg VcE/g DW) and ABTS (367.24 ± 0.50 μg VcE/g DW) radical scavenging activities. Besides Hemaoli, the total phenolics contents of other cultivars ranged from 3.91 ± 0.05 to 9.71 ± 0.05 mg GAE/g DW, total flavonoids content from 1.06 ± 0.03 to 4.20 ± 0.09 mg CE/g DW, and total proanthocyanidins from 1.01 ± 0.03 to 4.51 ± 0.17 mg PB2E/g DW, the DPPH radical scavenging activities from 100.69 ± 1.57 to 302.66 ± 2.94 μg VcE/g DW and ABTS radical scavenging activities from 102.75 ± 1.62 to 211.18 ± 5.69 μg VcE/g DW. Therefore, Hemaoli pulp was chosen for further fractionation and identification analysis.
Preliminary identification of proanthocyanidins in HPCE by ESI-MS
ESI-MS spectra of the HPCE showed a series of polyflavan-3-ols (Fig. 2 ). The [M-H] − ion at m/z 289.04 suggested the molecular weight of 290 of (epi)catechin. The addition of molecular weight of 288 resulted in series abundant ions with m/z 576.98, 864.98, 1152.99, 1441.04, and 1728.98, corresponding to the molecular masses of procyanidins with the degree of polymerizations (DPs) of 2-6 (Fig. 2) . Such results revealed that the dominant proanthocyanidins in HPCE were procyandins with relative low DPs. Procyanidins composed of (epi)catechin were found as predominant proanthocyanidins in the pericarp [18] and seed [19, 20] of litchi, though some prodelphinidins such as (-)-gallocatechin and (-)-epicatechin-3-gallate were also observed in the seed [19] . Higher DPs up to 22 and 20 were exhibited in litchi pericarp and seed, respectively [16, 31] . The DP of proanthocyanidins varies greatly with different plant tissues [32, 33, 34] . High DPs of proanthocyanidins up to 25, 14, 10 were observed in pear juice [35] , pine bark [5] , and mangosteen pericarps [32] , respectively. The average DPs of proanthocyanidins were also studied in different plant tissues, where litchi pericarp showed an average DP of 6.4 [16] , mangosteen pericarp showed an average DP of 6.6 [32] , and grape seed, blueberry and green pear showed average DPs of 16.1, 14.0 and 10.3, respectively [36] . Proanthocyanidins with lower DP were more easy absorbed in vivo than those with higher DPs [37, 38] , indicating that litchi pulp procyandins with DPs of 2-6 may have better bioavailability than those in litchi seed and pericarp.
Identification of proanthocyanidins in HPCE by 13 C NMR 13 C NMR was used to obtain additional evidence for the proanthocyanidins of procyanidin type. The 13 C NMR spectra of HPCE powder showed characteristic peaks for the A-ring carbons (150-160 ppm, 96-108 ppm), B-ring carbons (116-119 ppm, 130-133 ppm) and C-ring carbons (20-38 ppm, 67-100 ppm) of procyanidins ( Fig. 3 ), which were consistent to the 13 C NMR signals from standards of (-)-epicatechin and its oligmers ( Table 2 ). There were also some A type linkages indicated from the signals at 152 ppm due to C7 of the A ring involved in the double linkage and the chemical shift of the C2 formed as a result of this additional bond observed at 100 ppm (Fig. 3) . Such observation was consistent with previous report [32] .
Identification of individual procyanidins by LC-ESI-Q-TOF-MS
Based on different molecular masses, proanthocyanidins can be separated on a Sephadex LH-20 column [39, 40] . In the present study, elution of sephadex column with increasing concentrations of methanol (0%-60%, and 100%) resulted in better separation of the main procyanidins in HPCE (Fig. 4) . Fractions eluted with 40% methanol (Fig. 4B, F5 ), 50% methanol (Fig. 4C, F6 ), 60% methanol (Fig. 4D, F7 ), and 100% methanol (Fig. 4E, F8 ) contained the majority of procyanidins in HPCE (Fig. 4A) . Therefore, these four fractions (F5, F6, F7, F8) were further analyzed by LC-ESI-Q-TOF-MS respectively. (Table 3 ) [42] . According to the chemical standard confirmation, peak 4 was (peaks 19, 20, 23) and 1153.2679 (peak 13) suggested the molecular weight of 1154 of procyanidin tetramers with B-type interflavanoid linkage ( Fig. 4E and Table 3 ). The [M-H] − ion at m/z 1439.3097 (peaks 8, 9) suggested the molecular weight of 1440 of procyanidin pentamers with one A-type interflavanoid linkage. Due to the limit of the ESI scanning range, the MS 2 ions was not detected for these two pentamers. However, they were confirmed to be procyanidin pentamers according to their UV specture (279.4 nm) and the literature [36] . So far, no procyanidin hexamer was identified in HPCE by LC-ESI-Q-TOF-MS, although [M-H] − ion signal at m/z 1729 was detected in direct infusion ESI-MS (Fig. 2) . This may be due to the low concentration of hexamer in the fractions of HPCE.
Quantification of individual procyanidin in HPCE by LC-ESI-MS
Results of quantification of individual procyanidin showed that (-)-epicatechin (9.88 ± 0.91 mg PB2E/100 g DW), procyanidin B2 (12.25 ± 0.71 mg /100 g DW), procyanidin C1 (1.62 ± 0.11 mg PB2E/100 g DW) and A-type procyanidin trimer (1.21 ± 0.11 mg PB2E/100 g DW) accounted for 84.93% (W/W) of procyanidins identified in HPCE (Table 3) . For other cultivars, the monomer (-)-epicatechin and dimer procyanidin B2 were also two main procyanidins in the litchi pulp, but with much lower concentrations when compared with those of HPCE (data not shown). In a recent study investigating the oligomeric proanthocyanidins in plant products such as grape seed extracts by using UHPLC-PDA-ESI/HRMS n , proanthocyanidins accounted for 48.79% of the grape seed extract (w/w on dry weight basis), among which mononers such as catechin, epicatechin, epicatechin-gallate, and catechin-gallate accounted for 16.63%, dimmers accounted for 17.44%, trimer accounted for 14.24% of the extract [3] . In lowbush blueberry, red apple and mangos, the oligomeric proanthocyanidins (DP ⩽ 3) accounted for 12.42%, 25.63% and 44.88% of the total proanthocyanidins (w/w), respectively [43] .
Antioxidant activity assay
DPPH and ABTS assays were commonly used to evaluate antioxidant activity of various phenolic extracts in vitro. In the present study, the radical scavenging activities of different fractions of HPCE as well as six procyanidins standards and Vc were evaluated by both DPPH and ABTS assays (Fig. 5) . As far as their IC 50 were concerned, the HPCE and its different fractions showed similar antioxidant activity with that of Vc (2.38 ± 0.03 μg/ml for DPPH assay and 1.98 ± 0.04 μg/ml for ABTS assay). Further analysis of six individual procyanidin standards also showed similar radical scavenging capacities, the IC 50 of which ranged from 1.88 ± 0.01 μg/ml (EP) to 2.70 ± 0.10 μg/ml (PC1) for DPPH assay, and from 1.91 ± 0.01 μg/ml (EP) to 2.55 ± 0.10 μg/ml (PA1) for ABTS assay. Such results showed that the procyanidins identified in HPCE may contribute the antioxidant activities of the litchi pulp extracts.
Conclusion
The contents of total proanthocyanidins as well as total phenolics, flavonoids, and antioxidant activities of the pulp of 32 litchi cultivars were evaluated in the present study. Hemaoli showed the highest proanthocyanidins content and antioxidant activities. ESI-MS and NMR analysis demonstrated that the procyandins composed of (epi)catechin unites with DPs of 2-6 were dominant proanthocyanidins in HPCE. By using LC-ESI-Q-TOF-MS, 32 procyanidins was identified in litchi pulp for the first time. Quantification of individual procyanidin in HPCE indicated that (-)-epicatechin, procyanidin B2, procyanidin C1 and A-type procyanidin trimer were the majority of main procyanidins in litchi pulp. HPCE fractions and six individual procyanidins all had high radical scavenging activities as shown by DPPH and ABTS assays. Therefore, litchi cultivars rich in proanthocyanidins are good resources of dietary antioxidants and may have health-promoting benefit to human health. As far as the potential health benefits of proanthocyanidins are concerned, results of the present study may play important role in litchi breeding program as well as the development of litchi fruit industry.
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